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380a Tuesday, February 10, 2014single local minimum in the free energy landscape; longer simulations, on the
order of microseconds, must be treated as non-equilibrium trajectories, as they
often include large, anharmonic transitions between more than one minima
that can lead to significant changes in the protein topology. Because of their
complexity, these long simulations are generally subjected to extensive,
detailed analysis of many parameters (distances, angles, etc.), often causing
the interesting dynamics to be lost in a sea of minutiae. We present a new
analysis method that can be used to simultaneously identify, visualize, and
compare complex events in MD trajectories of proteins. The statistical
approach uses sliding window principal component analysis (sw-PCA) to
identify collective motions that are large but transient, which is followed by
projection techniques to compare motions between trajectories. We illustrate
the method by analyzing microsecond MD simulations of the bacterial leucine
transporter LeuT in complex with the substrates leucine, valine, and alanine
that have been shown to produce different transport phenotypes. In all three
systems we identified transient, hundred nanosecond time-scale collective mo-
tions in the intracellular domains, and found that these motions were coupled
to different, substrate-specific, conformational changes in the primary sub-
strate site. Our results indicate that the method can be a powerful tool in
the analysis of all-atoms MD simulations as both system size and trajectory
length increase.
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Neuronal calcium sensor (NCS) proteins comprise a family of related proteins
that mediate signal transduction in response to calcium, primarily in neurons.
Neurocalcin delta (NCALD) is a member of this family. Though NCALD, like
other NCS proteins, has 4 EF-hand motifs that could potentially bind calcium,
it has been demonstrated that the first EF hand, EF1, does not bind calcium.
NCALD has been purified from the brain and the retina and is thought to
play critical roles in signaling. However, the details of the calcium-
dependent dynamics remain to be elucidated, despite the availability of its
crystal structure. To probe the calcium-dependent changes, we carried out
both experimental and computational analyses. The experimental investiga-
tions comprised of analyses of local conformational changes through trypto-
phan fluorescence, global conformational changes through mobility on
native gels, and dimerization state through gel filtration chromatography.
The wild-type as well as different mutant versions of the protein were used
in these analyses. Meanwhile, atomistic molecular dynamics (MD) simulations
with the explicit solvent model were performed to explore the structure and dy-
namics of the NCALD monomer with and without Ca2þ ions. In this report, the
joint results are presented to provide evidence to support a major role for EF1
hand (which does not bind calcium) in determining the response of the protein
to calcium.
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A variety of proteins work as molecular machines; their motion is coupled
with the function, hence their mechanical properties are important. In the nu-
cleus, many of them interact with DNA. Their mechanisms to recognize and
bind to specific DNA sequences, and the underlying mechanical properties,
are particularly interesting. To elucidate such mechanisms, we started with a
small example, namely transcription activator-like effector (TALE), and stud-
ied its structural properties by molecular dynamics. TALE is a protein in he-
lical shape. Its crystallographic structures with and without DNA bound
suggest that it shrinks and wraps a double-strand DNA. It consists of 34
amino-acid long repeats; each repeat has a nucleotide recognition site called
RVD, so that the entire repeats can specifically bind to a DNA sequence. It
is widely used for TALE nucleases (TALEN) in gene editing, and some
improved mutants are known. Interestingly, non-RVD mutations, which do
not directly contact with DNA, can enhance the activity of TALEN (e.g. Plat-
inum TALEN by Sakuma et al., Sci. Rep. 2013). Recent coarse-grained studies
showed that TALE is soft and can be stretched much to the direction of the
helical axis (Flechsig, PLOS ONE 2014). These results implies that not only
the DNA binding sites but also structural and mechanical properties of the
rest of the molecule may determine the performance. We investigated suchproperties by all-atom molecular dynamics simulations. TALE without
DNA, starting from the DNA-bound conformation, elongated within nano-
seconds, suggesting that it is strongly compressed when bound to DNA. We
conjectured that structures easy to shrink effectively bind to DNA. Some
non-RVD mutants, including that used in Platinum TALEN, indeed showed
shorter equilibrium distances between RVDs, which must fit the nucleotide
positions. Possible mechanisms of positioning and wrapping around DNA
will be also discussed.
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Proteins are dynamical molecules and their ability to adopt alternative confor-
mations is central to their biological function. Examples include motions that
underlie allosteric regulation or ligand binding, or protein dynamics in enzymes
that can modulate the overall catalytic efficiency. Protein motions can often be
described as an exchange between a dominant, ground state structure and one or
more minor states. The structural and biophysical properties of these transiently
and sparsely populated states are, however, difficult to study, and an atomic-
level description of those states is challenging. In an attempt to determine
how well molecular dynamics simulations can capture slow, conformational
changes in protein molecules we have studied two protein systems which are
known to undergo conformational exchange on the millisecond timescale,
and for which structural information is available for both major and minor
states.
Using enhanced-sampling all-atom, explicit-solvent molecular simulations,
guided by structural information from X-ray crystallography and NMR, we
show that current force fields and sampling methods allow us to sample
experimentally-determined alternative conformations with surprisingly high
accuracy. In particular, we find that we can reversible sample both the ground
state and minor state, at that the simulations capture the structure of the minor
states also. Our simulations enable us to calculate the conformational free
energy between the two states, and comparison with experiments demonstrates
a high accuracy.
Our simulations provide insight into the structural and biophysical properties of
transiently populated minor states, and help reinterpret previous experimental
measurements. Further, our results demonstrate that, at least in the two cases
we have studied, modern simulation methods enable us to examine these other-
wise ‘‘invisible’’ states of proteins and describe their structural, functional and
thermodynamic properties.
1910-Pos Board B47
A Hinge Migration Mechanism Unlocks the Evolution of Green-To-Red
Photoconversion in GFP-Like Proteins
Rebekka M. Wachter1, Hanseong Kim2, Taisong Zou3, S. Banu Ozkan3.
1Chemistry and Biochemistry, Arizona State University, Tempe, AZ, USA,
2Department of Biological Chemistry, University of Michigan Medical
School, Ann Arbor, MI, USA, 3Physics, Arizona State University, Tempe,
AZ, USA.
In proteins, functional divergence involves mutations that modify structure
and dynamics. Here, we provide experimental evidence for an evolutionary
mechanism driven solely by long-range dynamic motions without significant
backbone adjustments, catalytic group rearrangements, or changes in subunit
assembly. Crystallographic structures were determined for several recon-
structed ancestral GFP-like proteins, and their chain flexibility was
analyzed using molecular dynamics and perturbation response scanning. The
photoconversion-competent (red) phenotype appears to have arisen from a
common green ancestor by migration of a knob-like anchoring region away
from the active site diagonally across the beta-barrel fold. The mutational sites
appear allosterically coupled to the dampening region, while providing confor-
mational mobility to active site residues via epistasis.
We propose that light-induced chromophore twisting is enhanced in a reverse-
protonated subpopulation, activating internal acid-base chemistry and back-
bone cleavage to provide red color. Photoconversion rate measurements
provide a bell-shaped curve, indicating that the reaction is controlled by the
two apparent pKa values 4.5 (5 0.2) and 7.5 (5 0.2) flanking the chromophore
pKa of 6.3 (5 0.1). We tentatively assign these values to the salt-bridged res-
idues Glu222(211) and His203(193), and suggest that reverse protonation may
enhance light-induced active site remodeling. In combination, the crystallo-
graphic, dynamic and kinetic data support a mechanism that utilizes light to co-
ordinate the transient enhancement of Glu222 proton affinity and His65(63)
alpha-carbon acidity, suggesting a concerted process of proton abstraction
and main-chain bond scission. Dynamics-driven hinge migration may represent
Tuesday, February 10, 2014 381aa more general platform for the evolution of novel enzyme activities. (This
work was supported by NSF Grant No. MCB-0615938 to R. M. W. and NIH
Grant No. U54 GM094599 to R. M. W. and S. B. O.).
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Caspases, the cysteine proteases that initiate and control apoptotic cell death,
are subject to allosteric regulation by a variety of modulators. Due to their
role in cell death, caspases are of interest as drug targets for diseases ranging
from cancer to neurodegeneration. The most significant hurdle to their thera-
peutic use appears to be related to the overlapping active-site specificities for
small molecule inhibitors, which do not fully reflect their true in vivo specific-
ities for protein substrates. Due to this complication, allosteric inhibition
of individual caspases or particular caspase sub-functions is of great interest.
Fortunately, caspases are extremely amenable to allosteric regulation, in large
part due to their remarkably plastic substrate-binding grooves, which can be
modulated by a number of distinct allosteric mechanisms. Our current work
is to develop a global map of the allosteric networks across the family. We
have discovered allosteric sites in caspase-6 and -9 that are natively regulated
by zinc and elucidated the molecular mechanism of inhibition crystallograph-
ically. We have identified other allosteric sites, unique to caspase-3, -6, -7, -8 or
-9 respectively, which are controlled by phosphorylation. The allosteric net-
works including these sites utilize distal control of the substrate-binding
groove. Based on our understanding of these mechanisms of inhibition, we
have engineered an allosterically handcuffed version of caspase-7 that can be
unlocked by the intracellular reduction potential. Finally, using specially-
designed nanoparticles we have delivered caspases and induced apoptosis in
cancer cells. Together these findings move us closer to a full understanding
of the allosteric networks controlling caspase function and therapeutically rele-
vant allosteric control of caspases.
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Protein phosphorylation is an essential regulatory mechanism that affects all
aspect of cellular life from division and growth to aging and death. Misregula-
tion of the signaling cascades leads to severe detrimental effects, and in humans
often associated with cancer and other diseases. Phosphorylation is performed
by a class of protein called kinases. Activation and deactivation of kinases is
normally under tight control and is regulated via different mechanisms that
are incredibly complex. In this work we combine phylogenetic resurrection
techniques with biophysical and chemical approaches to analyze the regulatory
mechanisms of modern tyrosine oncokinases Src and Abl, their common
ancestor and the common ancestors between several other families of tyrosin
kinases. Our results show how the regulatory elements appeared and developed
throughout the evolution enabling selective regulation of complex modern
cascades.
Membrane Protein Interactions
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The receptor tyrosine kinases (RTKs) are amajor class of transmembrane recep-
tors responsible for regulation of many biological processes, including develop-
ment andmaintenance of synapses. Many RTKs act in concert with intracellular
proteins which are thought to interact with cell membranes. Downstream-of-
Kinase 7 (Dok7) is a soluble protein involved in the Muscle-Specific Kinase
(MuSK) signalling pathway. Dok7 binds to MuSK to facilitate clustering of
acetylcholine receptors at synapses. Mutations in Dok7 have been known to
result in varying degrees of severity of congential myasthenic syndromes, which
is characterised by impaired muscle contractions. The structure of Dok7 reveals
it to contain a pleckstrin-homology (PH) and a phosphotyrosine-binding (PTB)
domain.Although there is evidence to suggest howDok7 interactswithMuSK, it
is unknown exactly how it interacts with the cell membrane.
Here we apply a multi-scale Molecular Dynamics simulations method to char-
acterise Dok7’s interactions with membranes of varying lipid composition.
Coarse-grained (CG) simulations are used to characterise the mechanism ofwhich Dok7 binds to the bilayer, while atomistic simulations are used to refine
its interactions with specific lipids present in the bilayer. These computational
studies reveal the role of phosphatidylinositol phosphates (PIP) in the interac-
tion of Dok7 with complex cell membranes.
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ADP-ribosylation factor-like (Arl) proteins are small GTPases, with Arl2 and
Arl3 being close homologues that share almost all their interacting partners.
Despite all similarities, Arl2 and Arl3 have distinct biological functions:
Arl3 is regarded as a ciliary protein, whereas Arl2 has been reported to be
involved in tubulin folding and Ras signaling. Defective ciliary function results
in a number of human diseases. So far, how are these different roles attained by
the two homologue proteins is not a fully answered question.
A recent study showed that theN-terminal amphipathic helix ofArl3 but notArl2
can function as a GTP-dependent pocket opener, displacingmyristoylated cargo
from the lipid-binding pocket of the GDI-like solubilizing factor UNC119a/b
[1]. This would imply that membrane-bound Arl3GTP is not able to bind
UNC119a/b, since this helix is predicted to mediate Arl3 membrane binding
and is only exposed in Arl3GTP, thus connecting the membrane binding capac-
ity of Arl to its nucleotide status and the availability of the N-terminal helix.
In the present study, the membrane binding behavior of Arl3, Arl2, and
UNC119a has been investigated by surface plasmon resonance, atomic force
microscopy, and infrared reflection absorption spectroscopy to gain insight
into the role of the N-terminal amphipathic helix of Arl2/3 during membrane
binding and its modulation by complexation with UNC119a. The data reveal
a preferential localization of Arl2/3 in the liquid-disordered phase of heteroge-
neous model membranes. Unlike Arl3 and other Arf proteins, Arl2 binds to
membranes in a nucleotide-independent manner. Finally, UNC119a selectively
impedes membrane binding of Arl3GTP.
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Ras is a small GTP-binding protein and involved in a variety of cellular pro-
cesses. The isoform K-Ras4B binds with its polybasic farnesylated C-terminus
to membranes and can enter multiple interactions with a wide variety of effec-
tors. PDEd and calmodulin (CaM) are known to function as potential binding
partners for farnesylated Ras proteins, leading to a modulation of the dynamics
of Ras membrane association. A previous study of our group showed that PDEd
is not able to extract K-Ras4B from model raft membranes; instead, an effec-
tive delivery of PDEd-solubilized K-Ras4B to the plasma membrane was pro-
posed [1]. Since CaM exhibits additional interaction sites to the G-domain of
K-Ras4B as compared to PDEd and was shown not to be required for the trans-
port of K-Ras4B to the plasma membrane, it was suggested that calmodulin dis-
sociates K-Ras4B from membranes [2]. In the present biophysical approach,
the influence of CaM on the interaction of K-Ras4B with anionic model raft
membranes has been investigated by surface plasmon resonance, atomic force
microscopy and fluorescence anisotropy measurements, supplemented by
infrared reflection absorption spectroscopy experiments. The results suggest
a repulsion of the K-Ras4B/CaM complex from the membrane. At the end,
differentiation between the function of the two farnesyl-binding proteins on
K-Ras4B is envisaged.
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